Abstract-A study of UWB on-body communication system performance, with the WiMax off-body electromagnetic interference (EMI) existence, is presented. Firstly, a compact UWB antenna with good on-body performance is verified and chosen as our reference antenna. Using this realistic antenna, channel transfer function (CTF) of UWB on-body channel in an indoor room is investigated by measurements. Based on the measured data, the parameters of its pathloss model and its power delay profile (PDP) model are extracted respectively. Secondly, a new body channel communication system model, composed of the on-body and off-body dual-link channel, together with UWB and WiMax signal models are presented. Finally, UWB on-body communication performances under different WiMax off-body EMI levels are studied by simulation. Simulated results show that this on-body system performance is quite limited and easily affected by the off-body WiMax EMI. It is pointed out that the existing UWB on-body communication abilities should be greatly improved when WiMax off-body EMI signals are considered.
INTRODUCTION
Wireless body area network (WBAN) refers to wireless network among wearable and/or implantable sensors located on, off, or in the body. WBAN has been found widely applications in biomedical therapy, healthcare and entertainment [1] [2] [3] . Therefore, during the last decade many researchers have paid great attention to developing its system technologies which have been conducted in several directions, such are in the far field regions; (3) the influences of human body to UWB RX characteristics are all concluded and considered in the gain patterns of UWB RX antenna. However, as for UWB on-body channel, because of the wide bandwidth of UWB and the highly frequency-selective characteristic in the UWB frequency band, the UWB on-body channel model consists of a pathloss model and a power delay profile model. These two UWB channel models are both developed by measurements with antennas mentioned above and will be used in our following simulations. Sections 2.1.1 to 2.1.3 are the details of the two UWB channels.
Measurement Setup
To develop the UWB on-body channel model, measurements are essential, which play an important part in exploring WBAN channel behavior. There is a key point that a miniaturized UWB antenna with good performance is needed. A miniaturized UWB antenna with good performance developed in [8] is chosen as our reference antenna with some material parameters modified (FR4 substrate thickness 1.5 mm and relative permittivity 4.4). Two identical antennas used for TX and RX are fabricated. Figure 1 and Figure 2 show the structure and return loss of the antennas placed on the surface of the body, respectively. We measure the S 21 parameter between the two antennas on a real adult human body by using a vector network analyzer (VNA). The measurements are performed in the frequency range from 3.1 GHz to 5.1 GHz in an indoor room. In the process of measurements, the body is in a standing position with arms hanging along the side. Specifications in this measurement on VNA and other equipments are listed in Table 1 . The schematic diagram of the measurement is shown in Figure 3 . 
UWB Pathloss Model
Due to the complexity of body and strong antenna-body interactions, EM wave propagation on-body will experience different processes, such as absorption, reflection, diffractions and etc, according to their TX and RX positions on-body. These make the UWB on-body channel to be quite different from the other traditional wireless one. In the processes of the measurements, the TX antenna is placed on the different parts of body surface, while the RX antenna is fixed on the navel of body, as shown in Figure 3 . As summarized in Table  2 , all the measurement positions are related to positions where sensors are attached to measure vital signs such as electrocardiogram (ECG), blood pressure, body temperature and so on. The distances between TX and RX are also listed in Table 2 . For each TX and RX position, we take 10 snapshots of S 21 . The pathloss is obtained as mean path gain over the measured frequency band, as shown in the following equation
where We model the pathloss model of on-body surface as a log-linear function of distance
where PL(d) means the pathloss in dB at a distance d in mm, and a and b are the parameters derived by a least square fitting to the measured average pathloss. N is a stochastic term which has a lognormal distribution with zero-mean and standard deviation of σ N . We get the pathloss parameters of our on-body channel model. The derived parameters are listed in Table 3 .
UWB Power Delay Profile Model
Ten snapshots of position TX2 in frequency domain are shown in Figure 5 . As we can see, position TX2 shows severe frequency selective fading. We convert the measured frequency domain data to time domain by a frequency hamming window and IFFT, then get the time domain channel impulse response (CIR). Peaks in each CIR are identified to use only the best paths for channel modeling. A threshold value that is 20 dB less than the amplitude of the strongest path is applied to the obtained local peaks. Then CIRs are normalized so that the amplitude of the first path is equal to one and the arrival time of the first path is 0 ns in each PDP. Figure 6 shows the path amplitude al derived from the measured data, together with the simple linear regression line. The PDP model is given by a single cluster and exponential decay, and its power delay profile, h(t), is modeled by
where a l , t l and ϕ l denote the path amplitude, path arrival time, and phase for the l-th path, respectively. δ l is the Dirac function, L stands for the number of the arrival paths. The phase ϕ l is modeled by a uniform distribution over [0, 2π). The path amplitude a l is modeled by an exponential decay Γ with a Rician factor γ 0 , which is given by
where S means a stochastic term modeled by a log-normal distribution with zero-mean and standard deviation of σ S . The path arrival time t l is modeled by Poisson distribution, which is written by
where λ means path arrival rate. The number of the arrival paths L is modeled by Poisson distribution, which is written by
where L av stands for the average of the L. Parameters of our measured PDP model are summarized in Table 4 . According to the statistical parameters listed in Table 4 , we obtain a concrete PDP model, as shown in Figure 7 . This on-body PDP model, together with the pathloss model presented in Section 2.1.2, are the basis of our on-body UWB system performance evaluation.
Dual-mode Signal Model
In this section, we describe the dual-mode model of our UWB and WiMax system, as shown in Figure 8 . In the system, a dual-mode signal model with the orthogonal frequency division multiplexing (OFDM) modulation is introduced. The multi-path UWB on-body channel has been measured in Section 2.1. Due to the fact that the WiMax off-body channel in our cases is a line-of-sight channel, the signal power only in a single-tap of this off-body channel is considered here.
UWB Signal Model
The UWB transmitted signal [29, 30 ] is given by
where N s , T s , and f s are the number of subcarriers, OFDM symbol duration, and carrier frequency, respectively. As we know, the higher order modulation method adopted, the higher data rate but also the higher of error of the performance which could be defined by the transmitting distance on the body. In weighing up the data rate 
where C s , D s = T s − C s , W s and Q s = W s N s are the duration of the guard interval, the data-carrying part of the OFDM symbol, the bandwidth of transmission, and the bandwidth per subcarrier, respectively.
WiMax Signal Model
The OFDM-WiMax transmitted signal is given by
where the modulated symbols are denoted by z m,l . Only the QPSK modulation is chosen here. All parameters with subscript i are defined similarly as the equivalent UWB parameters with subscript s. The basic function of subcarrier m is given by
Dual-mode System Model
It is well known that the UWB operates in 3.1-10.6 GHz while the WiMax in 3.4-3.6 GHz. Therefore, there are some spectrum overlaps of them, just as shown in Figure 5 . As shown in Figure 9 , the WiMax transmitting signal S i (t), will come into on-body UWB RX through its spatial off-body channel h i (t). This signal will be able to affect the UWB system as interference, which leads to the performance degradations of the later. Due to the fact that the off-body channel in our cases is a line-of-sight channel, the signal power only in a single-tap of the off-body channel is considered here. In this case, the WiMax signal can be described as (11) where in (11), h i (t) = Ae j α δ (t−τ ) presents the single-tap channel with amplitude A and phase offset α, where α is uniformly distributed in [0, 2π], and τ denotes its time delay which is uniformly distributed on [0,
When the UWB transmitted signal S s (t) passes through its onbody channel defined by impulse response h s (t) and path loss PL(d), the received UWB signals can be written by Figure 9 . Spectrum overlap of WiMax and UWB.
where PL(d) and h s (t) are the measured pathloss model and PDP model given in Section 2.1, respectively. Because the bandwidth of the WiMax signal is very narrow compared with that of UWB signal, it is reasonable to consider that for the DL-DM communications the dual-mode received signals on-body at the UWB RX, consisted of the UWB signal and the WiMax one, can be modeling additively as (13) where in (13), n(t) is the complex additive white Gaussian noise (AWGN). S UWB (t) is the UWB signal at the UWB receiver which passed through the human body, and S Wimax (t) is the WiMax signal at the UWB receiver which passed through the WiMax channel which is composed of free pathloss and different kinds of penetration loss. The final performance of the UWB on-body system is determined by the relative power level of S UWB (t) to S Wimax (t).
PERFORMANCE AND ANALYSIS
In Section 3, based on the two UWB on-body channel model derived and the dual-model signal model described above, we evaluate the performance of UWB on-body communication system and the performance under the WiMax off-body EMI. In the processes of simulation, to get a comprehensive understanding of the performance, different UWB data rates and several WiMax interference power levels at UWB receiver are considered.
Simulation Schematic Diagram and Conditions
The schematic diagram of simulation is shown in Figure 10 , where h s (t) is the on-body channel measured in Section 2.1. h i (t) is WiMax channel. S s (t), S i (t), and r(t) are just the signals described in Section 2.2. The conditions of UWB and WiMax systems adopted in our simulation are listed in Table 5 .
Some parameters of UWB and WiMax system layer are added in Table 6 .
Performance Evaluation
To evaluate the performance of UWB on-body communication system under the WiMax interference, three vital factors are required carefully considered. The three factors are: (1) The UWB data transmitting rate r. (2) The UWB data transmitting distance d. (3) The WiMax interference power I at UWB receiver. r is inversely proportional to d, bigger r corresponds to smaller d. What I UWB received has a great impact on its performance reflected on the BER (no more than 10 −3 ) of the UWB system.
The WiMax off-body channel in our simulation is free space pathloss channel, and its pathloss can be described as
Considering the typical EIRP (about 33 dBm) and wall Figure 10 . Simulation schematic. The simulated results of 480 Mbps UWB under WiMax EMI are shown in Figure 11 , which indicates the relationship between the BER and d (distance between UWB TX and RX antenna) under different I when the UWB data transmitting rate r equals 480 Mbps. Without loss of generality, we set the threshold value of BER is 10 −3 (when the For r is 320, 160, 80 Mbps, the simulated results are shown in Figures 12 to 14 .
Due to the similarity of the 480 Mbps, the details of the analysis for 320, 160, and 80 Mbps are not presented here. All the analyzed results are arranged in Table 8 . 
Results Analysis
From Table 8 , we know that when there is no WiMax EMI, transmission distance d equals 0.245, 0.363, 0.625, and 0.80 m for 480, 320, 160, and 80 Mbps data rate, respectively. The smaller r is, the further transmission distance d can we obtain. As shown in Figure 3 and Table 2 , if we choose the upper part of the body as the TX and RX area, only 160 and 80 Mbps UWB on-body system can cover the transmission distance. When whole body is used for TX and RX area, only 80 Mbps system can achieve the communication.
When the WiMax off-body EMI exists, there is a sharp decline of the UWB transmission distance d. Take As the n increases, the improvement of d is appreciable and it denotes the elevation of the anti-interference ability of UWB on-body system. Some other similar analysis can also be concluded just like above.
CONCLUSION
In this paper, a UWB on-body communication system and its WiMax EMI scenario are established and researched. A miniaturized UWB antenna is adopted to measure the on-body channel model. On the basis of the measured on-body channel model, we investigate the transmission performance and anti-interference ability of the onbody UWB system. Simulated results show that the transmission distance of on-body UWB system is quite limited and can be greatly influenced by WiMax EMI. However, this interference can be mitigated by some means, such as moving the WiMax equipments away from the UWB system, optimizing the capability of UWB receiving filter and improving the isolation between the UWB RX and WiMax TX antennas. The conclusions and suggestions in this paper have major significance in the applications of UWB spectrum planning, WBAN-UWB communication and UWB/WiMax double-mode coexistence.
